Aging is a complex process affecting different species and individuals in different ways. Comparing genetic variation across species with their aging phenotypes will help understanding the molecular basis of aging and longevity. Although most studies on aging have so far focused on short-lived model organisms, recent comparisons of genomic, transcriptomic, and metabolomic data across lineages with different lifespans are unveiling molecular signatures associated with longevity. Here, we examine the relationship between genomic variation and maximum lifespan across primate species. We used two different approaches. First, we searched for parallel amino-acid mutations that co-occur with increases in longevity across the primate linage. Twenty-five such amino-acid variants were identified, several of which have been previously reported by studies with different experimental setups and in different model organisms. The genes harboring these mutations are mainly enriched in functional categories such as wound healing, blood coagulation, and cardiovascular disorders. We demonstrate that these pathways are highly enriched for pleiotropic effects, as predicted by the antagonistic pleiotropy theory of aging. A second approach was focused on changes in rates of protein evolution across the primate phylogeny. Using the phylogenetic generalized least squares, we show that some genes exhibit strong correlations between their evolutionary rates and longevity-associated traits. These include genes in the Sphingosine 1-phosphate pathway, PI3K signaling, and the Thrombin/protease-activated receptor pathway, among other cardiovascular processes. Together, these results shed light into human senescence patterns and underscore the power of comparative genomics to identify pathways related to aging and longevity.
Introduction
Senescence, or biological aging, refers to the general deterioration of physiological function of an organism, leading to an increased susceptibility to diseases and, ultimately, death. One of the most intriguing and fundamental questions in biology is why and how such a dazzling array of aging rates exists in nature (Jones et al. 2014) . Just within metazoans, aging rates vary by as much as 10,000-fold (Austad 2001) , with, for instance, mammals differing >100-fold in maximum lifespan (or MLS, Foote et al. 2013) . Many lines of evidence support the conclusion that longevity is influenced by genetic variation both between and within species ). First, estimates of the heritability of lifespan in human populations are 0.25 (Herskind et al. 1996; Hjelmborg et al. 2006) . Second, numerous gene mutations have been documented to increase lifespan in a range of model organisms (Kenyon 2010; Barzilai et al. 2012) , and third, different species of the same family, or even genus occupying similar environments can exhibit stark differences in their lifespans, reflecting both their unique ecology and genetics.
Over the years, numerous evolutionary aging theories and concepts have been postulated (see Trindade et al. 2013 for a review), although the two most established are the mutation accumulation (MA) theory (Medawar 1952) and the antagonistic pleiotropy (AP) theory of senescence (Williams 1957) . Both hypotheses predict the existence of genetic variants with adverse effects expressed later in life (hence modulating lifespan), with the AP theory adding an adaptive aspect, since it poses that, damaging mutations could be favored by natural selection if they are advantageous early in life.
From an evolutionary perspective, aging is a polygenic and highly complex process whose expression evolves quite rapidly, with relatively close species displaying very different phenotypes. Of particular interest are current patterns of human aging, which have changed markedly since our divergence with other primates. Indeed, primates are an interesting order from the aging perspective, since they are evolutionary close to each other in terms of phylogenetic distances and have homogeneously slow life histories relative to other mammals, while displaying profound differences in lifespan. Among primates, New World monkeys comprise some of both, the shortest and longest-lived monkey species. Prosimians develop the most rapidly and are the shortest lived, and, in contrast, great apes have the slowest development, and live the longest among the primates (Finch and Austad 2012) .
Contrary to average life expectancy, which may change depending on living conditions, MLS is a stable characteristic of a species and evolves rapidly (Oeppen and Vaupel 2002; de Magalhães et al. 2007; Foote et al. 2013 ). For instance, humans and macaques diverged only 30 Ma, yet over this time their MLS has diverged as much as 3-fold (Colman et al. 2014) . Despite the remarkable evolutionary lability of MLS the existence and nature of the molecular mechanisms involved in such variation remains unclear.
Leveraging primate variation to identify molecular changes that contribute to increases in longevity among primate species may help shed light on the selection pressures that shaped, not only our distant past (Enard 2014) but also extant variation contributing to human lifespans. To identify such changes it is necessary to compare phenotypic diversity in aging patterns among primates to changes in DNA or protein sequences that occurred independently on different lineages of the primate phylogeny Mundy 2009, 2013; Lartillot and Poujol 2011; Boddy et al. 2017) . In fact, parallel routes of molecular evolution may be relatively common among protein-coding genes from different species (Scally et al. 2012) , and comparative genomic approaches have already been applied to investigate numerous traits such as vocal learning (Wirthlin et al. 2014) , echolocation (Parker et al. 2013) , flight in bats ), adaptation to aquatic life (Yim et al. 2014) , and evolution in horses (Orlando et al. 2013) . A complete comparative approach of MLS needs to consider not only longevity but also other phenotypes, such as body size (Austad 2005; de Magalhães et al. 2007) , and life-history traits that correlated with MLS and may thus confound the analysis and interpretation (Fushan et al. 2015; Ma and Gladyshev 2017) . Surprisingly, this approach has rarely been applied to lifespan (Aledo et al. 2011; Li and de Magalhães 2013; Doherty and de Magalhães 2016) , although a few studies have addressed the mechanisms of plasticity for lifespan within species, or established the contributions of known longevity-related pathways (Bonafè et al. 2003; Holzenberger et al. 2003; Kapahi et al. 2004; L opez-Ot ın et al. 2013) . Perhaps due to their limited focus, many of the findings of these works are difficult to reconcile, and none of them seem to adequately explain all aspects of the aging process (Gladyshev 2013) .
With such comparative phylogenetic strategy, we were able to identify molecular evolutionary correlates between genetic variation and MLS and other primate life-history traits. We deployed two approaches ( fig. 1 ): one based on the detection of parallel mutations and the other one based on the study of gene-phenotype coevolution using phylogenetic generalized least squares (PGLS). The latter, has proven to be a powerful tool to detect gene-phenotype associations in combination with the root-to-tip dN/dS method (Montgomery et al. 2011; Mundy 2012a, 2012b; Lüke et al. 2014; Boddy et al. 2017) . In summary, our study differs from, and extends, previous comparative studies in that we 1) consider several life-history variables and 2) perform analyses across the whole primate order. Both approaches allowed us to identify mutations, genes, and pathways that have putatively been fundamental to varying patterns of aging across primates.
Results

Relationship between Maximum Life Span and Other Life-History Traits
The life-history traits under study were largely obtained from the AnAge online database (de Magalhães and Costa 2009). They included MLS, body mass, female age at sexual maturity, gestation length, and weaning time. Longevity quotients (LQ) were calculated from the ratio of MLS to the predicted MLS based on the allometric equation for nonflying mammals (de Magalhães et al. 2007 ). These traits showed strong correlation among each other in primates (see supplementary fig. 1 , Supplementary Material online). To test whether MLS covaries with other life-history traits, linear regression on the primate phenotype data was performed. Univariate linear regression showed that MLS covaries with body mass (adjR 2 ¼0.53, P < 2e-16), female age at maturity (adjR 2 ¼0.57, P < 2e-16), weaning time (adjR 2 ¼0.49, P < 2e-16), and gestation length (adjR 2 ¼0.32, P ¼ 8.1e-12). Multiple linear regression followed by a type I analysis of variance (ANOVA) showed that, whereas female maturity presents the most significant nominal association with primate longevity (P ¼ 0.002), body mass was the best predictor, accounting for 60% of the variance of MLS (P ¼ 0.03). Age at female maturity accounted for almost 7% of the remaining variance, the remainder (30%) being residual error ( fig. 2A ).
Pagel's k model was used to test for phylogenetic signals in primate traits. Consistent with previous findings, phylogeny explained a high proportion of the variance in primate MLS (k ¼ 0.87), as well as in the other life-history traits (female maturity ¼ 0.9; weaning time ¼ 0.71; gestation length ¼ 0.93; body mass ¼ 1). The only trait that showed a notably smaller k was LQ, which had a value of k ¼ 0.69 (table 1) .
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MBE
Parallel Mutations
To take a simple approximation to the study of any aminoacid changes shared by the species that increase their lifespan, we dichotomized MLS. Each primate species was classified in either of two categories according to the mean value of the primate family they belong to (see Materials and Methods). The species' whose MLS is >1 SD from the mean of their family were classified within the Increased Lifespan group, whereas the rest were categorized as Control. The species in the Increased Lifespan group, which present the clearest increase in MLS since the ancestor of their family, included Homo sapiens, Macaca mulatta, and Macaca fascicularis ( fig. 2B ). To confirm the validity of considering human as an Increased Lifespan species, rather than discarding it due FIG. 1. Illustrated workflow of the two tests used in this study for measuring variation associated to MLS. Parallel amino-acid (AA) changes were investigated across all coding-regions for presence in the Increased Lifespan group of primate species compared with the rest, as shown in the example with a shared "I" (left panel). The second approach (right panel), was planned to test for coevolution between rates of protein evolution and life-history traits (or in short, gene-phenotype coevolution). First, root-to-tip dN/dS (x) ratios were calculated for each species, for each gene. Using a phylogenetically controlled method, we tested for a correlation between the log 10 -transformed rates of protein evolution (i.e., root-to-tip x, x axis) and each life-history trait (e.g., MLS, y axis). A significant linear relationship between gene and phenotype provides support for coevolution, as hypothetically illustrated in the figure. MBE to culturally induced increase in lifespan, the same criteria was applied using 90 years as the MLS record for human, which could be more adequate for comparative purposes than 122, the commonly used value corresponding to the longest documented human lifespan (Lorenzini et al. 2005) . Even in this case, humans are >1 SD from the mean of their family, and thus, we could safely consider humans as an Increased Lifespan species. Other thresholds besides 1SD MLS increase from the family mean were also considered to classify primate species. However, the results were exactly the same with any threshold between 0.6 and 1.4 SDs and poor information was obtained from more conservative or stringent cut-offs (supplementary fig. 2 , Supplementary Material online). Consistently, discretizing LQ produced exactly the same classification.
Out of the 19,000 genes surveyed, 25 parallel amino-acid substitutions in 25 different genes were shared by all the species in the Increased Lifespan group while absent from the Control group (table 2 and supplementary fig. 3 , Supplementary Material online). To ascertain whether this number of parallel changes could be expected by chance, we performed a series of four conservative resampling tests that produced distributions of parallel changes allowing us to assess the probability of our observation. In other words, we resampled as many species as within the Increased Lifespan group, three, from the phylogeny using four different criteria (see Materials and Methods). In the four sets of permutations, our observation of 25 parallel changes was situated in the empirical percentiles 83, 89, 92, and 93, respectively. Note that many of the sampled trios included more closely related species, for which a high number of parallel changes, or rather variants that are identical by descent, will naturally be observed. The mean number of parallel amino-acid changes found in the four resamplings was 71.6, 25.8, 8.6, and 5.7 and the median numbers of parallel changes were 3, 1, 1, and 0, respectively (supplementary fig. 4 , Supplementary Material online). Thus, we conservatively concluded that our observation of 25 parallel changes in the three Increased Lifespan species and absent in the rest was not extreme in absolute terms. However, the observed value of parallel changes exceeded the median number of observations in the four random scenarios.
Of course, the fact that 25 parallel changes are within random expectations does not exclude that the gene set is enriched with longevity-related genes. Indeed, the 25 detected genes were significantly enriched in genes previously related to aging, as determined from 10,000 bootstrap permutations of 25 genes from the genome (empirical P value ¼ 6e-04) (supplementary fig. 5 and table 1, Supplementary Material online). Three genes: ATG7, MNT, and SUPV3L1 were categorized as aging-genes in model organisms from the GenAge database (Tacutu et al. 2013) . Furthermore, we evaluated functional enrichment in the 25 geneset using GO and KEGG annotations. After false discovery rate (FDR) correction, several biological processes appeared as particularly enriched ( fig. 3) , including blood coagulation and intrinsic pathway and fibrin clot formation (adjP ¼ 3.12e-02), negative regulation of hemostasis (adjP ¼ 3.57e-02), wound healing (adjP ¼ 3.57e-02), and regulation of body fluids levels (adjP ¼ 3.57e-02). The KEGG pathway complement and coagulation cascades was also enriched (adjP ¼ 7e-04), plus we found enrichment in genes related to advanced-age diseases, including blood coagulation disorders (adjP ¼ 2e-04), coagulation protein disorders (adjP ¼ 1.6e-3), heart diseases (adjP ¼ 6.4e-03), cardiovascular diseases and thrombosis (both adjP ¼ 7e-03), hemorrhagic disorders (adjP ¼ 8.3e-03), arteriosclerosis, adhesion and arterial occlusive diseases (adjP ¼ 0.0126), and coronary disease (adjP ¼ 0.0133). These results were further validated using the expanded alignments generated in-house where new species (up-to 25) were included when available ( fig. 3 ).
Among the 25 nucleotide positions presenting parallel mutations, 20 were fixed for a novel variant in humans (1kGP Database), whereas the remaining five were segregating variants (table 2). Out of these latter five variants, only three had a frequency >1% in human populations (present in genes BRD8, EFEMP2, and MYO16) and four of them were defined as tolerated and benign by functional predictions of the SIFT and PolyPhen algorithms. The mutation in the DSC2 gene (p.Ile520Val) was predicted as highly deleterious and pathogenic by SIFT and PolyPhen, respectively. Another variant in the same amino-acid position (p.Ile520Thr) produces a dilated cardiomyopathy in humans according to the ClinVar database. In the ExAC Browser database (http://exac.broadinstitute.org/) which contains exome data on >60,000 individuals, only one individual was found to bear this allele (a frequency of 8.24e-06), thus it would seem that having an "I" in this position is fixed or almost fixed in humans.
The same amino-acid variants were evaluated in the 100-way alignment from UCSC (see Materials and Methods) in another set of three broadly studied long-lived mammals: the naked mole-rat and two long-lived bats. Out of the 25 amino-acid positions only 16 were present in the data set, among which 12 were different from the background primate state in at least one of these species; and two of them shared the very same change in these long-lived mammals: PRL and STK31 (supplementary table 2, Supplementary Material online).
Gene-Phenotype Evolution
To assess the relationship between rates of protein evolution and aging, we calculated root-to-tip x values for each gene and species and evaluated their association with life-history traits using PGLS. For each gene, all the available primate MBE sequences were used (at least n ¼ 17). To correct for phylogenetic history, the median value for all the exome-wide, rootto-tip xs for all species was included in the PGLS analyses as a covariate. We found no significant association between exome-wide values and either MLS (P ¼ 0.89), body mass (P ¼ 0.16), female age at maturity (P ¼ 0.38), weaning time (P ¼ 0.38), or LQ (P ¼ 0.7) in individual PGLS regressions (supplementary fig. 6 , Supplementary Material online). In contrast, gestation length and median root-to-tip x values were nominally associated (P ¼ 0.02).
In the PGLS analyses of the life-history traits, only one gene exhibited marginally significant association to gestation length: IQCA1 (adjP ¼ 0.049), whereas other genes showed a marginally nonsignificant association (FDR < 0.1) to the studied traits: STK17B (adjP ¼ 0.060) in MLS, and CDC7 (adjP ¼ 0.065), PER3 (adjP ¼ 0.095), and SPRR2G (adjP ¼ 0.095) in body mass ( fig. 4A ).
We further assessed for deviation from the null straight line in a QQ-plot of MLS, using sets of genes related to senescence. These genesets were obtained from a review paper on the hallmarks of aging (L opez-Ot ın et al. 2013, see Materials and Methods for details), together with the major functional categories identified with our parallel mutations strategy (wound healing and blood coagulation). Most of the categories were not deviating from the null expectation, except Loss of Proteostasis, which revealed ITPR1 (adjP ¼ 0.03). Moreover, wound healing and blood coagulation pathways presented the largest deviations from the null distribution, with two genes that were clearly above expectations, ITPR1
(adjP ¼ 0.01) and LBH (adjP ¼ 0.1), present in both pathways ( fig. 4B ).
The fact that almost no gene reaches significance is probably due to sample size and the drastic loss in statistical power induced by multiple-testing but, again, it does not exclude that the top associations are enriched with agingrelated genes or pathways. The top genes (n ¼ 26) with a nominal P value <1e-04 from all assessed traits are particularly enriched in aging genes (empirical P ¼ 0.005) from the GenAge database (supplementary table 3, Supplementary Material online). This list of top genes was enriched in KEGG pathways such as cardiac muscle contraction (adjP ¼ 0.015) and Alzheimer disease (adjP ¼ 0.02); myometrial relaxation and contraction pathways (adjP ¼ 0.015); and categories such as Sphingosine 1-phosphate pathway (adjP ¼ 0.02), IFN-gamma pathway (adjP ¼ 0.02), Class I PI3K signaling events (adjP ¼ 0.02), and Thrombin/protease-activated receptor (PAR) pathway (adjP ¼ 0.02) among many others; also diseases such as ventricular outflow obstruction (adjP ¼ 0.005) were particularly enriched.
PGLS regressions were also performed for the 13 mitochondrial genes using a set of 93 primate mitochondrial genomes from MitoMap. Among all the evaluated life-history traits, only MLS and body mass showed significant associations with the root-to-tip x of mitochondrial genes. Out of the 13 mitochondrial genes, ATP6, COX3, CYTB, and ND1 were correlated to MLS; and ATP6 and ND1 to body mass after mitochondrial-FDR correction. None of the genes associated to MLS survived when correction for mitochondrial-wide Overlap between Life-History Traits Nominally significant genes (P < 0.05) showing association between root-to-tip x and each of the life-history traits under study (MLS, female maturity, gestation length, weaning time, and body mass) were retrieved and investigated for overlap. These five life-history traits shared 11 genes, which increases up to 19 genes when body mass is excluded. In both lists, the number of overlapping genes was significantly higher than expected by chance under the assumption of trait independence (empirical-P < 2.2e-16, supplementary fig. 8 , Supplementary Material online). The 19 overlapping genes in MLS, weaning time, gestation, and female age at maturity (and body mass excluded) were: GP9, ADORA1, CCNJ, KCNQ5, ZNF300, NKRF, EMP1, RARS, GDF15, NMUR1, RP1, GAPDHS, Biological Processes Modulating Longevity across Primates . doi:10.1093/molbev/msy105 MBE GRAMD4, AKAP7, ACOT13, ZNF408, HSPB6, GABRG1, and BTBD9. This gene list showed enrichment in heart disorders and p73 transcription factor network, among other pathways (supplementary fig. 9 , Supplementary Material online). Among them, GDF15 has been previously associated to aging in model organisms (GenAge database), and BTBD9 in humans (LongevityMap database).
Pathway Enrichment of Pleiotropies
As recently shown by Rodr ıguez et al. (2017) , some variation in our genomes follows the predictions of the AP theory of senescence, with mutations providing selective advantage early in life at cost of having an adverse effect in old age. Using the list of pleiotropies provided by Rodr ıguez et al.
(2017), we could confirm that aging pathways follow this expectation, with 5 out of the 9 curated hallmarks of aging (L opez-Ot ın et al. 2013) showing a significant enrichment of pleiotropic hits when compared with the genome-wide distribution of pleiotropies. This observation, validates our use of these sets as aging-related gene-sets. These categories were: altered intracellular communication, mitochondrial dysfunction, cellular senescence, genomic instability, and telomere attrition. The rest were not significant after FDR correction (table 3) . Wound healing and blood coagulation, which are pathways identified here as having an evolutionary relationship to aging in primates, were also evaluated for enrichment in pleiotropies, and both turned out to be strongly enriched (wound healing, P ¼ 2.6e-09; and blood coagulation, P ¼ 2.33e-05) (table 3).
Discussion
Biological mechanisms related to aging rates include, but are not limited to, the production of reactive oxygen species (ROS), control of oxidative damage, telomere shortening, various signaling pathways that produce antagonisms between development and aging, and inflammation responses that produce antagonisms between disease prevention and tissue damage (Ricklefs 2010; L opez-Ot ın et al. 2013 ). Other processes, particularly developmental mechanisms that influence life-history phenotypes, might be brought into play by evolution, including immune functions or inflammatory pathways (Finch 2010; Franceschi et al. 2017) . How do these mechanisms account for variations in lifespan in the evolution of our species? From an evolutionary standpoint, it is FIG. 4. Phylogenetically controlled regression (PGLS) between log 10 root-to-tip x for STK17B (A) and IQCA1 (B) and log 10 MLS and log 10 Gestation length, respectively, across primate phylogeny. The dotted red line represents the regression intercept of the linear model (nonphylogenetically corrected). UCSC version names were used for species labeling. Correspondence to the species names can be found in supplementary table 5, Supplementary Material online. (C) QQ-plots illustrating the P values from each gene set of the root-to-tip x in MLS. As depicted in the figure, outliers were above the null probability distribution, corresponding to ITPR1 and LBH genes, respectively.
Muntan e et al. . doi:10.1093/molbev/msy105 MBE surprising that, despite strong evidence that increases in lifespan have occurred in parallel in several independent primate species, such changes have been largely ignored in previous large-scale genomic comparisons. Here, we leveraged on the considerable variation in lifespans across the primate lineage to identify mutations and patterns of genic evolution that relate to aging. In particular, we targeted mutations that have occurred parallel to increases of lifespan and correlations between the rates of protein evolution and several life-history traits ( fig. 1 ).
Mutations Parallel to Increased Lifespan
First, we tested for convergent changes occurring in long-lived primate species (to be precise, in primate species presenting relatively recent increases in lifespan). This is a reasonable hypothesis, especially since convergence at the genetic level seems to be more frequent than initially thought (Stern 2013) . We identified a set of 25 genes sharing convergent nonsynonymous mutations in three Increased Lifespan primate species. About 3 of the 25 genes have been previously related to longevity in model organisms, as reported in the GenAge database: ATG7, MNT, and SUPV3L1. This is more than what would be expected by chance (P ¼ 6e-04) and highlights the role of these genes in increasing aging via subtle amino-acid modifications. ATG7 encodes an essential enzyme for autophagy which also functions as a modulator of p53 in the regulation of survival during metabolic stress, among many other roles (Lee et al. 2012; Xiong 2015) . Notably, the inactivation of this gene leads to reduced lifespan in model organisms (Jia and Levine n.d.; Juh asz and Neufeld 2008; Eisenberg et al. 2009; Mizushima and Levine 2010; Pyo et al. 2013 ). More specifically, it results in loss of autophagy via deletion of ATG7-impaired DNA repair by homologous recombination through failed RAD51 recruitment (Liu et al. 2015) . MNT is a tumor suppressor that has been also described to extend lifespan in Drosophila melanogaster and Caenorhabditis elegans (Demontis et al. 2014) . Finally, mutants of the mitochondrial degradosome protein SUPV3L1 have been described to increase lifespan in a Saccharomyces cerevisiae model (Caballero et al. 2011) . Although not directly associated to aging, a few other genes from the list of 25 hold promise for further experimental scrutiny, particularly considering their known functions or relation to aging phenotypes (supplementary table 1, Supplementary Material online). One example is DSC2, for which a predisposing mutation (c.631-2A > G) implicated in cardiopathy has been identified in one of the supercentenarians sequenced in a collection of the world's oldest people (Gierman et al. 2014) .
Although further functional data are necessary to demonstrate that these associations reflect causative relations with lifespan evolution, our results suggest that biological mechanisms related to wound healing, hemostasis, blood coagulation, clot formation, and many cardiovascular pathways are cornerstones of lifespan changes in the primate lineage. In agreement with our results, it has been largely documented that all phases of wound healing become delayed with age (Yanai et al. 2015; Keyes et al. 2016) and that imbalances in the hemostatic system are a common feature of the aging process (Franchini 2006; Mari et al. 2008) . Additionally, gene expression signatures of blood coagulation are upregulated with age (de Magalhaes et al. 2009 ) and, interestingly, cardiac functioning improves in dogs after just weeks of an antiaging treatment with rapamycin (Urfer et al. 2017) . Moreover, older age has long been associated with altered inflammation and hemostasis regulation since cardiovascular-related pathways have prominent roles influencing human longevity (Pilling et al. 2016 ). Thus, specific changes to wound healing and coagulation-related genes and pathways may underlie phenotypic changes in aged individuals and trigger lifespan increase, perhaps as a consequence of decreasing the risk of suffering cardiovascular diseases.
It is of note that most of the genetic variants that appear in parallel with increases in primate lifespan are fixed in humans, which highlights the importance of comparative genomics approaches, since they yield results that are complementary to those in within-species analysis that cannot access such variation. Further studies using intraspecific variation across nonhuman primates are needed to address whether these variants are or not also fixed in them.
Pleiotropies in the Aging Pathways
Genes affecting longevity might be crucial for organismic development, implying that these genes are under selective MBE pressures so that mutations are subject to complex trade-offs. In fact, natural selection does not act on longevity per se, but rather on survival and, ultimately, on reproductive success. This makes interpretations very difficult, as the existence of pleiotropic effects in genes involved in aging could lead to a reduced capacity for their identification in the framework of an evolutionary approach, given that multiple functions can be under the control of each gene. In our analyses, we examined how genes previously described to be associated with aging were related to the pleiotropies described in Rodr ıguez et al. (2017) and we showed that 5 pathways out of 9 were highly enriched in such pleiotropies. Similarly, wound healing and blood coagulation categories, proposed by our evolutionary analysis in primates were also enriched in pleiotropic effects, highlighting that these genes are involved in multiple pathways and exhibiting the importance that these categories could have in the evolution of senescence, as predicted by the AP theory of aging. In agreement with our results, a recent study found that coronary artery disease loci are enriched in antagonistic-pleiotropic signals and suggests that natural selection may have maintained genetic variation contributing to cardiovascular disorders because of its beneficial effects in early life (Byars et al. 2017 ).
Gene-Phenotype Coevolution PGLS treats both molecular and phenotypic data as continuous traits and can detect subtle variation between species as well as associations between genes and phenotypes that are consistent across a phylogeny. Since most of the variation in rate of actual senescence within species is caused by stochastic variation and measurement error (Ricklefs 2010; Ma and Gladyshev 2017) , we also incorporated other life-history traits into the analyses. Our PGLS study identified key genes coevolving with interspecific variation in longevityassociated traits. IQCA1 (adjP ¼ 0.04) was revealed to be significantly associated to gestation length. On the other hand, STK17B (adjP ¼ 0.06) and CDC7, PER3 and SPRR2G were significantly associated to MLS and body mass (adjP <0.1), respectively. The 19 nominally significant genes (P < 0.05) overlapping in the four life-history traits evaluated (MLS, female maturity, weaning, and gestation length) disclosed pathways such as p73 transcription factor network and cardiovascular disorders. Interestingly, p73 has been previously linked to senescence and aging (Rufini et al. 2013) and the existence of cardiovascular phenotypes also found in the coevolution approach suggests that the same processes may have evolved along different routes to adapt to the long lifespans and slow development of primates. Moreover, the list of top genes (P < 1e-04) in all the studied phenotypes was particularly enriched in Sphingosine 1-phosphate pathway, IFN-gamma pathway, Class I PI3K signaling events, and Thrombin/protease-activated receptor (PAR) pathway, together with other cardiovascular pathways. Thrombin plays a critical role in hemostasis and coagulation, whereas Class I PI3K activation finally leads to mTORC1 activation triggering cellular growth (Dibble and Cantley 2015) . Finally, Sphingosine-1-phosphate is primarily involved in supporting growth and survival, and it might contribute to aging by APlike effects (Huang et al. 2014) . Furthermore, our analysis revealed associations between mitochondrial genes and MLS: ATP6, COX3, CYTB, and ND1. Among them, ATP6 has been previously associated with differences in metabolism and selection linked to energetics (da Fonseca et al. 2008) , and CYTB has been found associated to longevity in mammals using a linear model analysis (Feng and Zhou 2017) . Because molecular evolution rates correlate with generation times in mammals (Bromham et al. 1996) , it is not surprising to find mitochondrial genes that correlate with life-history traits in our study. Even though subsequent analyses suggested that this association is due to covariation between generation time and longevity (Nabholz et al. 2008) . In favor of the latter, when mean mitochondrialwide x values were included as covariate in our model, all signals associated to longevity disappeared.
Limitations of the Present Study
Our study did not examine genetic variation among individuals from the same species or over an individual lifespan but rather compared genetic variation among reference individuals of different species. At the time of analysis, only 17 full primate genomes were available, although we could gather up to 25 primate species for some of the genes. The addition of more species to the analysis has the potential to contribute independent variation in longevity, thus increasing power. On the other hand, and since more distant species may differ considerably in their developmental and/or genetic mechanisms, increasing the number of species may also result in adding more noise to the analysis. At any rate, despite the relatively small number of species in our analyses, we still find several genes with a phylogenetic association with MLS and other life-history traits, providing evidence for conserved molecular mechanisms on the evolution of senescence.
We have also identified several genes that coevolved with life-history traits in primates. However, our PGLS approach can only detect cases in which proteins and traits have evolved consistently (that is, when accelerated protein evolution has results in a systematic increment or decrement of a trait), so we cannot exclude neither the possibility that different species-specific mechanisms might have evolved in parallel, nor other, more complex, relationships between rates of protein evolution and the traits under study. All these possibilities remain to be assessed in future work.
Conclusions
To our knowledge, this is the first systematic report providing direct evidence of gene-phenotype evolution of aging-related traits in primates. Genes and biological processes reported in this study could be added to the list of genes that increase lifespan when overexpressed or mutated (gerontogenes) and represent a valuable resource for examination of new candidate interventions that mimic gene evolution associated with natural changes in lifespan.
Although our results may reflect local adaptive responses of species to their environment, we observed nonrandom association of gene evolution with pathways mainly related Muntan e et al. . doi:10.1093/molbev/msy105 MBE to wound healing, coagulation, and many cardiovascular processes. This would make sense from a biological perspective, since flexible and adjustable control of coagulation mechanisms is required for species that live longer. As far as we know for the first time, we report pathways putatively involved in maximum lifespan and correlated life-history traits. This can be explained in part by the fact that many studies in the field have been using models such as yeast or C. elegans. Although these model organisms have proven very useful in many aspects, they are quite different from humans and lack many of the molecular pathways that are fundamental in more complex animals living under natural conditions. These findings provide direct insights into how nature reversibly adjusts lifespan and other traits during adaptive radiation of primates, and provide evidence that cardiovascular and hemostatic pathways evolve adaptively to allow for increases in longevity.
Materials and Methods
Phenotypic and Genomic Databases
The life-history traits evaluated in this study include MLS, adult body mass, female age at sexual maturity, gestation length, and weaning time. These variables were largely obtained from the AnAge online database (de Magalhães and Costa 2009). Longevity quotients (LQ) were calculated from the ratio of MLS to the predicted MLS based on the allometric equation for nonflying mammals (de Magalhães et al. 2007 ). When information was not available in AnAge, it was complemented by collecting data from additional sources such as the Animal Diversity Web (ADW) database (Myers et al. 2013 ) accessed at http://animaldiversity.org. Primate data from AnAge and ADW showed a strong correlation in life-history measures (supplementary fig. 10 , Supplementary Material online). Correlation coefficients were 0.86 for MLS, 0.88 for gestation, 0.99 for adult weight, and 1 for birth mass. All data used in the analyses can be found in supplementary table 5, Supplementary Material online.
The consensus molecular chronogram tree for primates was downloaded from the 10kTrees project, version 3 (Arnold et al. 2010) at http://10ktrees.nunn-lab.org/. The 10kTrees data set is based on sequences of 11 mitochondrial and 6 autosomal genes sampled from GenBank. 10KTrees phylogenies contain 301 species of primates, out of which 174 were present in our phenotype data set ( fig. 5) . The database of life-history traits was adapted to the taxa from the phylogeny and the primate species tree was pruned to contain the species used in each analysis.
Human 20-way multiple alignments were downloaded for 38,851 coding sequences from the UCSC browser at https:// genome.ucsc.edu/ (accessed August 2016). These files included multiple alignments from 17 primate species plus Mus musculus, Tupaia belangeri, and Canis lupus, which were discarded from the analyses. Of all transcripts, only the longest one was kept for each gene. Gene alignments with an overall number of gaps > 50% and alignments where at least 2 of the species had >50% of the sequence in gaps were discarded. To avoid numerical problems with the log transformation and unrealistic substitution rates, the species for which root-to-tip x had a value of 0 were discarded. After filtering, a total of 16,891 canonical genes were included in the study.
Additionally, protein multiple alignments of 179 primate species were downloaded from NCBI's Organelle Genome Resources for the 13 mitochondrial genes. For 93 out of the 179 primate species, data on life-history traits were available, and were included in the consensus 10kTrees tree. The nucleotide alignment of the mitochondrial genes for the 93 primate species was carried out with MAFFT v7.271 (Katoh and Standley 2013) .
Multiple Alignments of New Species
To enrich our set of primate alignments, we used the following pipeline. First, we retrieved transcript sequences in FASTA format from Aotus nancymaae, Cebus capucinus imitator, Cercocebus atys, Colobus angolensis, Macaca nemestrina, Mandrillus leucophaeus, Propithecus coquereli, Rhinopithecus bieti from NCBI via ftp (accessed in March 2017). To find putative orthologues, we ran BLASTN with an e-value cutoff of 1e-4 using the human sequences from the UCSC alignments as a query. Then we used an in-house python script to trim the untranslated regions from the retrieved sequences using the first and last nine nucleotides of the human sequences and allowing a maximum of two mismatches. Subsequently, we computed multiple alignments for each gene using MAFFT v7.271 (Katoh and Standley 2013) . In a first filtering step, we calculated for each gene the average pairwise percentage of identity using trimAl v1.4.rev15 (Capella-Guti errez et al. 2009 ) and an in-house script, and we removed those sequences having <60% of average sequence identity. Then, we translated the nucleotide sequences into protein using an in-house script and we aligned the protein sequences using MAFFT v7.271. To remove incorrectly annotated sequences or those containing frame-shifts, we used trimAl as described above to discard sequences with <60% of average sequence identity at the protein level. Finally, we used pal2nal v14 (Suyama et al. 2006) to back translate the final protein alignments and obtain the final nucleotide alignments. After this process, 17,663 canonical genes were retained and 1,337 genes discarded due to poor similarity. In the final set, 8,554 alignments included 17 or more primate species (supplementary table 6, Supplementary Material online).
Relation between Life History and Phylogeny in Primates
Correlation between life-history traits was assessed using Spearman's correlation. Nonphylogenetic regressions were used to test whether maximum lifespan covaries with other life-history traits (log-transformed). We used Pagel's k model to test for phylogenetic signals in primate life-history traits. This method estimates to which extent a correlation between given traits reflects the shared evolutionary history of the species (Pagel 1999 ). Pagel's k describes the proportion of variance that can be attributed to Brownian motion along Biological Processes Modulating Longevity across Primates . doi:10.1093/molbev/msy105 MBE a phylogeny (neutral drift). A value of k equal or close to 1 suggests a character evolving stochastically, whereas k < 1 indicates departure from neutral drift. Estimates of k for all life-history traits were computed using the phylosig function in the phytools package in R (Revell 2012) .
Parallel Amino-Acid Substitutions
To discretize continuous traits such as MLS and LQ, mean values of both traits were calculated for each of the 14 primate families, using all primate records (table 4). That allowed us to split the data set in two groups: Species that fall >1 SD from the mean of their family were considered as species having Increased Lifespan. The rest, were grouped together in the Nonincreased Lifespan or Control group ( fig. 2B) . Then, an in-house script was used to identify parallel amino-acid changes across all coding regions. Parallel mutations were identified as the same amino-acid change occurring in all the species labeled as Increased Lifespan and in none of the other species (the Control group). One gap at each aminoacid position was permitted in the Control group.
Parallel amino-acid substitutions were evaluated in the set of canonical genes across the 17 primate species phylogeny using multiple protein-coding alignments from UCSC. New primate species aligned in this study were used to further confirm the results whenever possible, given sequence availability. Finally, when available, sequences from other longlived animals such as the naked-mole rat (Heterocephalus glaber) and two bats (Myotis davidii and Myotis lucifugus) which are part of the 100-way alignments from UCSC were evaluated for the observed amino-acid variants.
To assess whether the number of parallel changes found was higher than expected by chance, we used four series of conservative resampling tests. Three species were (1) randomly selected from the primate tree and the number of parallel changes evaluated for each combination and; in order to resemble as much as possible the Increased Lifespan set of species, three species were (2) randomly selected from the tree, but limiting the sampling to 2 species of Cercopithecidae (Old World catarrhine monkeys) and an outgrup species; (3) resampling was forced to contain 2 Cercopithecidae species and one Hominoidea; and (4) resampling was performed comparing humans to a combination of 2 Cercopithecidae (as shown in supplementary fig. 11 , Supplementary Material online).
We assessed human polymorphism levels for all the genome positions corresponding to the list of identified parallel mutations. To do so, we used the 1000 Genomes Project panel (1kGP, 1000 Genomes Project Consortium 2015). The Muntan e et al. . doi:10.1093/molbev/msy105 MBE discovered positions in the human hg19 build were determined, and the frequencies of the reference and the alternative alleles were extracted from 1kGP for all human populations using Annovar (Wang et al. 2010) . Functional prediction of variants from SIFT and PolyPhen2 scores were also obtained.
Evolutionary Analyses: Gene-Phenotype Coevolution across Primates
Estimates of the dN/dS during the evolution of each species as the divergence from their last common ancestor, termed "root-to-tip dN/dS", were obtained for each gene using the free ratio model from PAML 4.9 (Yang 2007) . The root-to-tip dN/dS (x) is more inclusive of the evolutionary history of a locus and it is a property of the species tip rather than the terminal branch. Therefore, it is more suitable for regressions against phenotypic data from extant species (Montgomery and Mundy 2013) . Briefly, for each gene and species, root-totip dNs were summed up (the number of nonsynonymous sites of a given gene in the corresponding species) and rootto-tip dSs were summed up (the number of synonymous sites). Finally, the ratio between the obtained dN and dS was used as a measure of root-to-tip x for each species. The root-to-tip xs were then subjected to regression analysis in the PGLS framework. As we were evaluating all the genes simultaneously (17,000) and the corresponding Bonferroni P value is 2e-06, which is overly stringent for this analysis, we instead adopted the 10% adjusted false discovery rate q value cutoff (Storey and Tibshirani 2003) .
Association of gene and phenotypic changes were evaluated using the PGLS Brownian motion method from the R library nlme and P values for each gene root-to-tip x were kept. Outliers can seriously affect the parameter estimates in any regression model thus, when necessary, species with studentized residuals > 63 were removed, and PGLS was fitted again without the phylogenetic outliers (Jones and Purvis 1997) .
Finally, associations between rates of protein evolution and life-history traits should also take into account that such traits are not independent from their phylogenetic history, thus genome-wide rates of protein evolution were also included in the PGLS regressions as an independent variable (see next section). In all analyses, life-history variables and root-to-tip xs were log10 transformed to make variances closer, to linearize relationships between the variables and to make variation scale-independent (i.e., related to proportional rather than absolute differences between observations).
In total, 16,891 nuclear genes underwent PGLS analyses, we used in-house alignments for the 8554 multiple alignments that contained more than 17 species. For the rest, the alignments downloaded from UCSC were used to guarantee that the assessed gene alignments contained at least 17 primate species.
The 13 mitochondrial genes were assessed for gene-phenotype coevolution using the same PGLS regression pipeline described earlier. In that case, evaluation of Pagel's k was done simultaneously to fitting PGLS, using the method corPagel from R library nlme, which calculates the phylogenetic signal in the sample and accounts for it. This could be done in the mitochondrial analyses because of the larger sample size as compared with the whole-genome approach. In the latter, we did not have enough power to use corPagel method, and Brownian motion was chosen (supplementary fig. 12 , Supplementary Material online).
Genome-Wide Rates of Evolution
Interspecific variation in effective population size could alter the rate of neutral substitution and the efficacy of selection to remove or fix nonsynonymous substitutions. This effect could bias our phylogenetic regression analyses if effective population size covaries with the studied traits. To address this, we obtained estimates of genome-wide root-to-tip x by calculating the median root-to-tip values for each species and added them as covariates in the PGLS analyses. The same procedure was applied to mitochondrial gene sequences to obtain an estimate of mitochondrial-wide x. We then used these values in a PGLS regression to test for an association with the studied traits and the median genome rate of evolution. 
Pathway Enrichment
Pathway analyses were performed to explore possible biological mechanisms that may underlie the associations between the identified genes and aging pathways. We used The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, GO ontology, Pathway commons, and disease-associated genes from WebGestalt for our analyses (Wang et al. 2013) . For each pathway, the hypergeometric test was used to detect the overrepresentation of our set of genes among all genes in the pathway. Lastly, FDR was controlled using the BenjaminiHochberg procedure. In all cases, the complete set of proteincoding genes was used as the background.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
